The importance of roots in soil conservation has long been underestimated due to a lack of systematic studies conducted to evaluate root distribution patterns and their effects on soil erosion. Current knowledge regarding root morphology and its impact on soil erosion by water is limited; therefore, detailed analysis of the role that root systems play in controlling soil erosion is needed. In this study, stratified runoff scouring at different soil depths in the field was conducted in a grassland area. The results indicated that both root biomass and soil waterstable aggregates decreased as soil depth increased at all three sites, while there was almost no change in soil bulk density at 1.3 g/cm 3 . Sediment yields under different runoff discharge at different sites showed similar trends, and the sediment yield increased as the soil depth increased at all three sites. Further analysis revealed that close relationships existed between root biomass and the amount of water-stable aggregates and soil organic matter content, and that these factors greatly influenced soil erosion. Based on the data generated by the experiment, equations describing the relationship between sediment production at different soil depths and root biomass were determined.
INTRODUCTION
The Loess Plateau is one of the most eroded areas in the world, and the resistance of loess to erosion forces has attracted a great deal of attention from researchers. A study conducted by Zhu [1] revealed that the low resistance of loess was related to its unique deposition patterns during its formation, and that it showed greatly improved resistance when vegetation was present. Due to the differences in soil properties across the profile, soil erosion exhibits various patterns, and these patterns tend to be more complex when vegetative coverage and root systems exist [2] [3] [4] . Because numerous studies [5] [6] [7] [8] [9] evaluating the impact of vegetation characteristics on soil erosion have been conducted, it is often assumed that all aspects of vegetation have been studied. However, although many studies have investigated the effects of plant components such as leaves, stems, organic matter, roots and exudates, on soil erosion, attention has predominantly been paid to the effects of the aboveground biomass on runoff hydraulics and soil erosion [5, 10, 11] . Conversely, systematic root studies are lacking, primarily due to difficulties in direct observation of their effects [12] . Despite this lack of information, a few studies have verified that roots played a crucial role with respect to the effects of rainfall and runoff on soil erosion [3, 4, 9] . The presence of roots in soil provides mechanical reinforcement; therefore, their presence is regarded as one of the most important contributions of vegetation to soil stability [11, 13, 14] .
The reinforcement of soil resistance to erosion by plant roots can be attributed to two aspects. First, roots and root remnants physically bind soil particles, forming mechanical barriers to soil and water movement [15] . Major parameters influencing the mechanical influence of roots include root diameter, degree of bifurcation, appearance of root hairs, friction between roots and soil, and root system distribution [16] . Second, roots and root remnants excrete binding agents and form a food source for microorganisms that, in turn, produce other organic bindings [17, 18] . These bindings increase the amount of stable soil aggregates over the long term, thereby reduc-ing soil erodibility [19] . Of these two aspects, the first is essential with respect to soil erosion by concentrated flow.
Several publications [3, 4] describing the influence of roots on soil erosion by runoff have emphasized the need for further research in this area. To determine the effects of root systems on soil erosion quantitatively and to reveal the mechanism of rill and gully development as well as their relationship to root biomass distribution, soil properties, and sediment yield, it is necessary to study these relationships across soil profiles under field conditions. In this study, runoff scouring at different soil depths was conducted to investigate the vertical changes in soil resistance to runoff erosion forces. In addition, both vertical root distribution and related soil properties were analyzed to demonstrate the relationships among those parameters.
MATERIALS AND METHODS

Site Conditions
The experimental sites are located in Wangdong Watershed of the Changwu Field Experimental Station of the Institute of Soil and Water Conservation (ISWC), Chinese Academy of Sciences (CAS). The elevation of this area ranges from 950 m to 1225 m. The area is subjected to a warm temperate continental seasonal climate, with an average annual temperature of 9.1˚C. The annual rainfall in the area is 584.1 mm, most of which is concentrated between July and September. The main soil type on most sites is loess, with a clay (<0.01 mm) content of 25%.
The dominant species on most slopes are perennial herbacious grass species of Stipa bungeana and Bothriochlon ischaemum, with similar coverage and biomass. Runoff plots on different sites were not differentiated and were considered to be in the same condition for runoff scouring ( Table 1) .
Setting-Up Runoff-Scouring Plots at Different Soil Depths
Zhou Peihu [1] and Jiang Dingsheng [20] developed runoff scouring in fields in loess regions for evaluation of soil anti-scourability. This technique is considered to be a good technology because there is no disturbance of local soil, vegetation, or topography. This technology was employed in our study during the growing season of 2002 with a runoff scouring plot size of 1 × 4 m. Twenty-four hours after scouring of the soil surface, sub-surface soil of 0~5 cm was removed carefully by hand, and runoff with the same former runoff discharge was conducted again. After 24 hours, the next sub-surface layer of soil of 5~10 cm was removed and subjected to similar runoff scouring. This process was repeated until scouring was conducted at soil depths of 5, 10, 15, 20, 25, 30, 40 , and 50 cm ( Figure  1) . The runoff volume and sediment yield were measured each minute during the application of runoff.
Root Biomass Investigation
The soil drilling method was applied for the root investigation. For each runoff plot, eight points were distributed evenly on both sides (Figure 2 ) of the selected plot. Root samples from each 10 cm layer were collected and brought back to the laboratory and dried in an oven at 85˚C for 24 h to measure the biomass. The biomass density was calculated using the following equation:
Root density (RD) of certain layer (g/m 3 ) was calculated as follows:
where R = the radius of the soil auger (3.4 cm); h = the thickness of the soil layer (10 cm); m = the root weight; and i = the number of sampling points Soil properties related to soil erosion such as the soil organic matter content, water-stable aggregate content and soil bulk density were also measured.
RESULTS AND DISCUSSIONS
Vertical Root Biomass and Soil Properties
The vertical root biomass distributions on the three sites showed a similar decrease as soil depth increased (Figure 3) . Root biomass was concentrated in the surface soil, after which it decreased to less than 0.2 kg/m 3 in soil below a depth of 40 cm. There was no significant difference in the root biomass at the same soil depth at different sites, indicating that root distribution was uniform at the same depth among sampling points. Therefore, the experimental conditions can be considered to be the same for all sites. The distribution patterns of the soil organic matter content were also similar at the three sites (Figure 4) . The soil organic matter content decreased as the soil depth increased, and there was no obvious difference in soil organic matter content in deep soil when compared at the same soil depth among sites.
As shown in Figure 5 , the results of soil water-stable aggregates indicate that the aggregate content decreased as the soil depth increased. In addition, the aggregate content was almost the same at all three sites. Analysis of the aggregate class distribution (Figure 6 ) revealed that there was little difference in content among small diameter classes of aggregates, but that large differences existed among aggregates with large diameter classes (2～5 mm and 1~2 mm). Soil bulk density, which is an important factor influencing soil erosion, was measured, and the results showed that soil bulk density varied slightly as the soil depth increased (Figure 7) . However, the soil bulk density in the surface soil was almost the same (1.3 g/cm 3 ) at all three sites. 
Sediment Yield Processes at Different Soil Depths under Different Runoff Discharges and Slope Gradients
To avoid confusion, only sediment yield processes at soil depths of 5 cm, 15 cm, 40 cm, and 50 cm are illustrated in the figures. As shown in Figure 8 , the sediment yield decreased with time at all sites and tended to be stabilized two minutes after beginning the experiment. The high sediment yield in the beginning was the result of soil disturbance caused by soil division in the experiment.
Sediment yield processes under different runoff discharges at different sites demonstrated similar trends (Figure 8 and Table 2 ), and the sediment yield increased as soil depth increased at all three sites. Specifically, sediment yield on surface soil was similar at these sites. However, the yield increased sharply at soil depths over 30 cm, and this change was apparently closely related to runoff discharge and slope gradient. Considering the root distribution pattern, it can be concluded that, on surface soil layer, the effect of the root system on sediment yield was dominant, but that this effect decreased as the soil depth increased. When the soil depth was greater than 40 cm, the effect of the root system on soil properties, and consequently on sediment yield, was especially limited due to its reduced distribution in deeper soil. As a result, sediment yield tended to increase as the runoff discharge and slope gradient increased. Fluctuations in sediment yield can be interpreted by the existence of animal holes and biopores of roots and their remnants.
During the runoff scouring, changes in the soil erosion forms were focused on. Sheet erosion occurred on the surface soil layer; however, as the soil depth increased, soil erosion holes appeared on the slope, and their size and number increased with depth. At a depth of 40 ~ 50 cm, these erosion holes tended to be connected, and sheet erosion tended to transform into rill erosion, indi- cating a decrease in the resistance of soil to runoff scouring. Notably, there were some very fine roots present in these erosion holes, suggesting that not all roots improve soil resistance to runoff scouring.
Relationship between Root Biomass and Soil Properties
As main bridges for communication between material and energy, ecological and physiological features of the root system had a deep impact on amelioration and improvement of soil properties, especially those properties related to soil erosion. According to some former studies, the main soil properties related to erosion, including soil organic matter and water stable aggregate content, were closely related to the distribution of root systems. In this study, the relationships among root systems, soil organic matter and aggregate content were established based on experimental data.
As shown in Figure 9 , as the root biomass increased, the soil organic matter content or content of soil aggregates (1 ~ 2 mm) increased logarithmically. The large data error that was observed may indicate that these properties in surface soil were greatly influenced by human activities, such as fire, grazing, trampling, etc., as well as by natural factors such as rainfall, freezing and thawing. The relationship between root biomass and soil properties in deep soil layers tended to be more significant, especially in areas in which the root density was lower than 0.2 g/cm 3 . Furthermore, the relationship between root and soil properties was not linear, indicating that the existence of root biomass could only improve soil to a certain level.
Relationship between Sediment Yield, Root Biomass and Soil Properties
The improvement of soil properties and soil resistance to runoff can be attributed to a well-developed root system. As shown in Figures 10-12 , there were close relationships between sediment yield and root biomass, soil organic matter content or content of water-stable aggregates. Thus, further consideration must be given to selecting indexes to reflect the effects of vegetation on soil erosion. As the main source of energy and material in soil, the root system radically reflects the improvement of soil properties by vegetation, especially which of herbaceous vegetation with root systems primarily composed of fine roots. Those roots are more easily transformed into soil organic matter due to their shorter fibers; therefore, it is rational to select root biomass as the main index to reflect the effects of vegetation on sediment yield. As shown in Figure 11 , the sediment yield per unit of runoff discharge decreases as the root biomass density increases, indicating that root biomass is effective at improving soil resistance to soil erosion forces. Following data analysis, the following equation describing the relationship between sediment production at different soil depths and root biomass was determined:
where Y is the sediment yield at different soil depths, x is the root biomass, a and b are constants. The simulated results (Table 3) indicated that this fitting equation reflected the relationship between the root system and sediment yield well under different runoff discharges. As shown in Table 3 , it is clear that the value of a and b decreased as the runoff discharge increased, implying that their reciprocal values may be related to soil erodibility.
When the root biomass density was greater than 0.2 kg/m 3 , the effects of root biomass on sediment yield reduction were remarkable. In addition, when the root Selection of appropriate root indexes has long been the subject of debate. In studies related to root physiology and ecology, root length and surface area have been chosen as indexes because they are directly related to the area in which the root and soil environment touch and they reflect the physiological functions of the root in the processes of vegetation improvement. The results of the present study imply that there is an intrinsic relationship among the root, soil organic matter and water-stable aggregates, and that root biomass turnover is the main reason for the improvement of soil organic and water-stable aggregates. Therefore, these findings indicate that root biomass is a better index than other root indexes in studies related to soil erosion. In addition, although there were herbaceous grass roots distributed in deep soil, there were also small, fine roots in the erosion holes. These findings indicate that not all the roots effectively improve soil resistance to erosion. Using root biomass as an index for describing the relationship between vegetation and erosion not only includes non-significant factors such as fine roots, but, more importantly, may undermine the significance of root length and surface area.
CONCLUSIONS
Many publications have discussed the impact of vegetation on soil erosion and reported that the influence of plants is mainly attributed to the aboveground biomass. Indeed, the importance of belowground biomass with respect to soil erosion by water can easily be neglected. In this study, systematic investigations of the root distribution, soil properties, and sediment yield were conducted to reveal the relationships among these factors. Based on the experiments conducted in the field, the following conclusions can be reached.
Runoff scouring of different soil depth indicated that, because of the difference in root biomass distribution in the soil profile, there was a remarkable difference in sediment yield, which emphasized the importance of reinforcement of roots in soil.
There was also a close relationship between root biomass and soil properties, including soil organic matter content and content of water stable aggregates. As the main source of material and energy, root biomass was selected as the main index to determine the effects of vegetation on sediment yield. The sediment yield by unit runoff discharge decreased as the root biomass increased. A root density of 0.2 g/m 3 was found to be the critical value for the sediment yield patterns.
